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The left ventricular end-systolic pressure-volume relation is
a relatively load-independent measure of left ventricular
contractile function. Linearity of the relation derived from
full left ventricular pressure-volume loops has not previ-
ously been demonstrated for patients with severe heart
failure . Therefore, nine patients with markedly depressed
left ventricular systolic function (ejection fraction 0.14 ±
0.08) were studied with micromanometer left ventricular
pressure measurement and simultaneous radionuclide ven-
triculography . Afterload was reduced with graded infu-
sions of nitroprusside, allowing construction of pressure-
volume loops under four afterload conditions in four
patients and three afterload conditions in the other five
patients .
The end-systolic pressure-volume relation derived from
the pressure-volume loops was found to be linear for the
range of pressures and volumes examined, with correlation
coefficients in individual patients ranging from 0. 36 to
The left ventricular end-systolic pressure-volume relation
has recently emerged as a relatively load-independent mea-
sure of left ventricular contractile function (1-8) . Application
of this index in humans has been hampered by the difficulty
in determining end-systolic pressure and volume under mul-
tiple sets of loading conditions, especially in patients with
severe heart disease . The left ventricular end-systolic pres-
sure-volume relation has been shown to be linear in the
physiologic range in the isolated heart (2,3), the conscious
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0.    (mean 0 . 81) . The mean slope of the relation (or
end-systolic elastance) was 0 .71 mm Hg/nil (range 0 .42 to
1 .52), and the extrapolated volume intercept at zero pres-
sure was positive in all patients . An exponential relation
between end-systolic elastance and ejection fraction was
demonstrated for this group of patients . Approximations of
end-systolic elastance obtained from measurements other
than the full pressure-volume loops correlated variably
with "true" elastance obtained from the pressure-volume
loops . The relation between stroke work and end-diastolic
volume was nonlinear in most patients .
Thus, the end-systolic pressure-volume relation is linear
in the "physiologic" range in patients with severe heart
failure . This finding should permit construction of the
relation from two loading conditions in clinical studies,
facilitating its use as an index of contractile function in
patients with heart failure .
(J Am Coll Cardiol 1 8 ;14 127-34)
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dog ( ,10) and patients with normal left ventricular systolic
function (11) . Extrapolation of this observation to patients
with heart failure has led to construction of the end-systolic
pressure-volume relation from only two afterload conditions
(4,12,13) . Although the relation between systemic arterial
dicrotic notch pressure and minimal left ventricular volume
is approximately linear in patients with heart failure (14), the
end-systolic pressure-volume relation defined by full left
ventricular pressure-volume loops has not been demon-
strated to be linear in such patients . Furthermore, nonlin-
earity of the end-systolic pressure-volume relation has been
predicted on the basis of theoretical considerations (15), and
has been demonstrated under certain experimental condi-
tions (8,16-18) .
The primary aim of this study, therefore, was to deter-
mine whether the left ventricular end-systolic pressure-
volume relation is linear in patients with severe heart failure .
We also compared this relation as derived from full left
0735-10 7/8 /$3 .50
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ventricular pressure-volume loops with previously described
approximations of this relation in patients with severe heart
failure . Finally, we evaluated the relation between end-
systolic elastance and ejection fraction and stroke work .
Methods
Study patients . The study group consisted of six men and
three women with severe heart failure due to coronary artery
disease in seven patients and idiopathic dilated cardiomyop-
athy in two patients (Cases 3 and 4) . The mean ± SD age was
63 ± 10 years, and all patients had New York Heart
Association functional class IV symptoms despite treatment
with digoxin, diuretic drugs and vasodilators . All patients
had severe left ventricular systolic dysfunction (mean radio-
nuclide left ventricular ejection fraction 0 .14 ± 0 .08, range
0.03 to 0 .28) . Eight patients were in sinus rhythm and one
(Case  ) had a ventricular demand pacemaker . The experi-
mental protocol was approved by the Subcommittee for
Human Studies of the Massachusetts General Hospital on
March 7, 1 85, and informed consent was obtained from all
patients .
Hemodynamic measurements . Patients underwent left
and right heart catheterization without premedication 8 to 24
h after discontinuation of digoxin, diuretic drugs and vasodi-
lators . Left heart catheterization was performed from the
femoral artery approach with use of a micromanometer
catheter (Millar Instruments) in all patients . Systemic arte-
rial pressure was measured from the sidearm of a femoral
artery introducer. The following hemodynamic variables
were recorded   heart rate, right atrial pressure, pulmonary
artery pressure, pulmonary capillary wedge pressure, high
fidelity left ventricular pressure, mean systemic arterial
pressure and, by electronic differentiation, the first time
derivative of left ventricular pressure (dP/dt) . Cardiac index,
systemic vascular resistance and pulmonary vascular resis-
tance were calculated from the cardiac output obtained by
the thermodilution technique .
Hemodynamic and radionuclide data were obtained at
baseline and during constant infusion of nitroprusside . Ni-
troprusside was infused at an initial dose of 25 µg/min and
titrated to achieve a 5 to 10 mm Hg decrease in mean arterial
pressure . After an equilibration period of 10 min, hemody-
namic data were acquired and radionuclide angiography
performed . Nitroprusside infusion was then titrated to
achieve a further 5 to 10 mm Hg reduction in mean arterial
pressure and data were acquired after a 10 min equilibration
period. In four patients (Cases 1, 4, 5 and  ), a third infusion
rate of nitroprusside was utilized to reduce mean arterial
pressure by a further 5 to 10 mm Hg, and data were again
acquired .
Gated blood pool imaging . Left ventricular volume was
calculated from supine gated blood pool images as previ-
ously described (13,1 ) . Briefly, gated scans were acquired
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in the anterior (16 frames) and left anterior oblique (32
frames) views after labeling of red blood cells in vivo with 30
mCi of technetium-  m. With use of the left anterior oblique
view, a time-activity curve of the left ventricle was con-
structed by a semiautomated edge detection method with a
variable region of interest . During nitroprusside infusion,
images were acquired only in the left anterior oblique view,
and care was taken to avoid patient and camera movement
during the study. Absolute left ventricular end-diastolic
volume at baseline was derived from a previously validated
geometric biplane area-length method (20) . Volumes at other
times in the cardiac cycle and after nitroprusside infusion
were calculated as the baseline end-diastolic volume multi-
plied by the ratio of counts in a particular frame to counts in
the baseline end-diastolic frame . Counts were smoothed
with use of a three point weighted moving average (coeffi-
cients 0 .25, 0.50, 0 .25) . Counts in scans obtained after the
nitroprusside infusion were corrected for differences from
the baseline scan in acquisition time and frame interval and
for physical and biologic decay of the isotope .
Data analysis . High fidelity left ventricular pressure trac-
ings from four consecutive beats at the midpoint of the gated
scan acquisition were traced and digitized on a Summa-
graphics Bitpad interfaced to a VAX 780 computer. Pres-
sure-volume loops were then constructed by plotting these
pressures with the corresponding radionuclide ventriculo-
graphic volumes starting at a simultaneous time point (the
peak of the R wave of the electrocardiogram) .
The end-systolic pressure-volume relation was deter-
mined by the method of Kass et al. (21) from the three or
four pressure-volume loops obtained for each patient . Points
from each loop for which the ratio of pressure to volume was
maximal were selected, and linear regression analysis of
these points was performed . The extrapolated volume-axis
intercept at zero pressure was determined from the regres-
sion analysis . Points on each loop for which pressure divided
by the difference between corresponding volume and the
volume-axis intercept was maximal were then selected, and
a new pressure-volume line (with a new volume-axis inter-
cept) generated . This process was repeated until there was
no change in slope (end-systolic elastance) or volume-axis
intercept . The pooled end-systolic pressure-volume relation
was obtained by simply taking the mean end-systolic pres-
sure and volume for the nine patients for each of the first
three afterload conditions .
Maximal isochronal elastance was calculated as the
maximal slope of the family of time-dependent elastance
lines from a point in each pressure-volume loop at a given
interval from end-diastole (1,2,12,22) . A time interval of 10
ms was used . Approximations of true end-systolic elastance
were obtained from linear regression of 1) systemic arterial
dicrotic notch pressure and simultaneous left ventricular
volume; 2) left ventricular pressure and volume at the time of
minimal negative dP/dt ; 3) minimal left ventricular volume
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and simultaneous left ventricular pressure ; 4) systemic arte-
rial dicrotic notch pressure and minimal left ventricular
volume; 5) peak left ventricular pressure and minimal left
ventricular volume; and 6) peak systemic arterial pressure
and minimal left ventricular volume .
The relation between left ventricular ejection fraction and
end-systolic elastance was also evaluated. Mehmel et al .
(11) proposed an exponential relation between left ventricu-
lar ejection fraction (EF) and end-systolic elastance (EeS )  
E e, = 0.025 x e
7
'
x FF
where ejection fraction is expressed as a decimal . We also
derived an exponential relation between end-systolic
elastance and ejection fraction, allowing the two constants in
the equation to vary .
Stroke work was determined from the integrated area of
the pressure-volume loops, as stroke work (g-m) = 0.0 136 x
pressure-volume area (mm Hg-ml) . The relation between
stroke work and end-diastolic dimension or volume (preload
recruitable stroke work) has been shown to be linear for the
canine left ventricle (23,24) . Furthermore, the slope of this
relation has been demonstrated to be a load-independent
index of contractility in these experimental studies . Using
the preload alteration resulting from graded nitroprusside
infusion, we calculated the preload recruitable stroke work
index from least squares linear regression of stroke work
versus end-diastolic volume in our patients .
Statistics. All results are expressed as mean values ± SD .
Comparisons between two measurements were made by
paired t test. Comparisons among treatment periods were
made by analysis of variance, with differences between
group means assessed by the Neuman-Keuls test with a
significance level of 0 .05 .
Results
Baseline hemodynamic data (Table 1) . The baseline mean
heart rate was 103 ± 24 beats/min, and mean arterial
pressure was 82 ± 11 mm Hg . Baseline right atrial, pulmo-
nary capillary wedge and left ventricular end-diastolic pres-
sures were elevated, and cardiac index was depressed .
Hemodynamic response to nitroprusside (Table 1) . The
rate of nitroprusside infusion for the first titration period was
38 ± 14 )ug/min, causing mean arterial pressure to decrease
by an average of 7 mm Hg to 75 ± 8 mm Hg. The rate of
nitroprusside infusion for the second titration period was
82 ± 22 µg/min, resulting in a further average decrease in
mean arterial pressure of 7 mm Hg to 68 ± 7 mm Hg . The
rate of nitroprusside infusion in the four patients who
underwent a third titration period was 11  ± 32 Ag/min,
causing a further average decrease in mean arterial pressure
of 6 mm Hg from 68 ± 5 to 62 ± 5 mm Hg . Heart rate was
not significantly affected by nitroprusside. There were dose-
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Table 1 . Hemodynamic Variables During Baseline Study and First
and Second Nitroprusside Infusion Periods in Nine Patients With
Severe Heart Failure
*p < 0 .05 versus baseline ; tp < 0 .05 versus nitroprusside dose 1
(Neuman-Keuls test) . CI = cardiac index (liters/min per m 2 ) ; HR = heart rate
(beats/min) ; LVEDP = left ventricular end-diastolic pressure (mm Hg) ;
LVEDV = left ventricular end-diastolic volume (ml) ; MAP = mean arterial
pressure (mm Hg) ; PAP = mean pulmonary artery pressure (mm Hg) ; PCWP
= mean pulmonary capillary wedge pressure (mm Hg) ; PVR = pulmonary
vascular resistance (dynes-s/cm)   RAP = right atrial pressure (mm Hg)
; SVR
= systemic vascular resistance (dynes-s/cm s ) ;
SW = stroke work (g-m) .
related decreases in right atrial, pulmonary artery, pulmo-
nary capillary wedge and left ventricular end-diastolic pres-
sures, whereas cardiac index increased .
End-systolic pressure-volume relation . The pressure-
volume loops for all nine patients are shown in Figure 1 .
Correlation coefficients for the three or four end-systolic
pressure-volume points ranged from 0 . 36 to 0.   
(mean 0 . 81). In Patient  , the left "shoulders" of the
pressure-volume loops obtained during the higher dose ni-
troprusside infusions were flattened . The resultant regres-
sion line incorporates early rather than late systolic points
from these loops . For the other eight patients the late
"shoulders" were more distinct so that the regression lines
representing the end-systolic pressure-volume relation ap-
pear to be more accurate. The mean end-systolic elastance
was 0.71 ± 0.33 mm Hg/ml (range 0 .42 to 1 .52) . The volume
intercept at zero pressure was positive in all patients (115
12  ml, range 3 to 471) . Pooled data from three afterload
conditions for all nine patients yielded a correlation coeffi-
cient of 0 .  72 (Fig . 2) .
When the isochronal end-systolic pressure-volume rela-
tion was evaluated,
only two patients had a discrete maximal
slope, which occurred at approximately the time of end-
systole. These two patients had virtually no change in heart
rate during the interventions . The other patients did not have
an isochronal line with maximal slope occurring at or near
end-systole, precluding determination of maximal isochronal
elastance
(Emax) .
When end-systole was defined as the time of systemic
arterial dicrotic notch, minimal negative dP/dt or minimal
Nitroprusside
Baseline
Dose I Dose 2
HR 103 ± 24  7 ± 20 101 ± 21
MAP 82 ± 11 75 ± 7* 68 ± 7*t
RAP 10±8 7±8* 5±7*
PAP 36 ± 10 27 ± 12* 22 ± 12*
PCWP 22 ± 8 16 ± 10*
12 ±  *
LVEDP 24 ± 6 17 ± 8* 13 ± 1*
CI 2.1 ±0 .7 2.5±0. * 2.6-±0 .7*
SVR 1 .728 ± 307 1,411 ± 280* 1,1 3
t
218*t
PVR 336 ± 158 248 ± 135* 203 ± 87*
LVEDV 316 ± 167
305 ± 168*
2 3 ± 170*t
SW 41±25 40 ± 1  35 ± 15
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left ventricular volume, there were lesser degrees of linearity
of the corresponding approximations of the end-systolic
pressure-volume relation (mean correlation coefficients [r] =
0. 5, 0 . 3 and 0.7 , respectively) and poor correlations with
end-systolic elastance derived from the full pressure-volume
loops (r = 0.65, 0 .63 and -0 .15, respectively) . The approx-
imation of the end-systolic pressure-volume relation derived
Figure 2 . End-systolic pressure-volume relation for three afterload
conditions obtained with use of pooled data from nine patients . For
each afterload condition, end-systolic pressure and volume were
obtained as the mean of values for the nine patients .
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Figure 1 . Pressure-volume loops and end-systolic
elastance
(Ees)
for the nine patients . The pressure-
volume loop for the baseline condition is drawn with
dashed lines . Those for the nitroprusside infusions
are drawn with solid lines . The end-systolic pressure-
volume line was derived with use of an iterative
method (see text) .
from peak left ventricular pressure and minimal left ventric-
ular volume was closely fit by a straight line in most patients
(r = 0. 2) and correlated well with end-systolic elastance
(r = 0. 2) . The relation obtained from systemic arterial
dicrotic notch pressure and minimal left ventricular volume
was approximately linear (r = 0 . 4), but correlated poorly
with end-systolic elastance (r = 0 .62) . The approximation of
the end-systolic pressure-volume relation derived from peak
systemic arterial pressure and minimal left ventricular vol-
ume was closely fit by a straight line (r = 0 . 6), but
correlated only moderately well with end-systolic elastance
(r = 0.84) .
The mean value of "true" end-systolic elastance (0 .71 ±
0.33 mm Hg/ml) derived from the pressure-volume loops was
most closely approximated by the value derived from peak
left ventricular pressure and minimal left ventricular volume
(0 .6  -} 0.3  mm Hg/ml). Although there were no statistically
significant differences, true elastance appeared to be over-
estimated by approximations derived from minimal left
ventricular volume and simultaneous pressure (0 .77 ± 1 .20
mm Hg/ml) and peak systemic arterial pressure and minimal
left ventricular volume (0 .80 ± 0.45 mm Hg/ml), and under-
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EF
Figure 3. Exponential relation between end-systolic elastance (E eS )
and left ventricular ejection fraction (EF) for the nine patients .
estimated by those derived from pressure and volume at the
time of minimal negative dP/dt (0.4  ± 0 .20 mm Hg/ml),
systemic arterial dicrotic notch pressure and simultaneous
volume (0.63 ± 0.20 mm Hg/ml), and systemic arterial
dicrotic notch pressure and minimal left ventricular volume
(0.64 ± 0.31 mm Hg/ml) .
An exponential relation between left ventricular ejection
fraction and end-systolic elastance provided an excellent fit
to our data (r = 0. 8, p < 0.00001) (Fig. 3) .
Stroke work. There was an exponential correlation be-
tween end-systolic elastance and stroke work (r = 0 . 7) .
For the study group of nine patients, the relation between
mean stroke work and mean end-diastolic volume for the
baseline, first nitroprusside dose and second nitroprusside
dose was approximately linear (r = 0. 4) . However, there
was marked variation in the degree of linearity of the stroke
work versus end-diastolic volume relation in individual
patients (mean r = 0 .32, range -0.56 to 0.  ) . Afterload
dependence of stroke work was suggested by a positive
linear correlation of change in stroke work versus change in
left ventricular peak systolic pressure (r = 0 .68, p < 0.05),
although correlations with change in end-systolic pressure
(r = 0.47) and mean arterial pressure (r = 0 .53) were not
statistically significant .
ARONEY ET AL .
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Discussion
The assessment of left ventricular contractile function by
isovolumic or ejection-phase indexes is frequently con-
founded by the influences of preload and afterload . The
end-systolic pressure-volume relation is sensitive to changes
in contractility (1,2, ), incorporates afterload in its deriva-
tion, is minimally influenced by preload (1-3,10) and, there-
fore, may be useful in assessing contractile function in heart
failure . Clinical application to patients with heart failure may
be problematic, however, because of the logistic difficulties
encountered in making multiple sets of measurements at
different loading conditions. Linearity of the end-systolic
pressure-volume relation would allow construction of the
relation from data acquired from only two afterload condi-
tions (4,12,13). Linearity of the end-systolic pressure-
volume relation defined by full left ventricular pressure-
volume loops has not been demonstrated previously for
patients with heart failure .
Linearity of the end-systolic pressure-volume relation. In
normal subjects, the relation between noninvasively esti-
mated aortic dicrotic notch pressure and echocardiographic
minimal left ventricular dimension is linear (25) . When
volume is calculated from echocardiographic dimension (in
normal subjects, who have no significant regional variation
in wall motion), the resulting estimate of the end-systolic
pressure-volume relation is linear as well (26) . These types
of assessment cannot be applied to the left ventricle in
patients with severe heart failure, however, because alter-
ations in ventricular shape (most pronounced in, but not
limited to, patients with coronary artery disease) invalidate
the geometric assumptions necessary for calculation of ven-
tricular volume . Although linearity of the relation between
aortic dicrotic notch pressure and minimal left ventricular
volume determined by contrast cineangiography has been
demonstrated by Mehmel et al . (11), only one of their
patients had a subnormal rest ejection fraction . Similarly,
Konstam et al. (14) showed that the relation between sys-
temic arterial dicrotic notch pressure and radionuclide min-
imal left ventricular volume is approximately linear in pa-
tients with heart failure, as is the relation between aortic
dicrotic notch pressure and simultaneous echocardiographic
left ventricular dimension (27) . On the other hand, a curvi-
linear nature of the end-systolic pressure-volume relation
has been predicted from the theoretical application of stress-
strain relations (15) . Furthermore, the end-systolic pressure-
volume relation for the isolated heart may be curvilinear at
high afterload (17), and may be curvilinear at lower after-
loads when contractile state is either enhanced or depressed
(8,16-18) . Finally, pressure and volume at end-systole as
defined for the various modifications of the end-systolic
pressure-volume relation are variably related to pressure and
volume at end-systole as defined by full pressure-volume
loops (28) .
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Ours is the first study in which full left ventricular
pressure-volume loops have been generated under at least
three loading conditions in patients with heart failure . We
have demonstrated that the left ventricular
end-systolic
pressure-volume relation derived from pressure-volume
loops is linear in patients with heart failure over the greatest
range of mean systemic arterial pressure (from an average of
82 mm Hg to an average of 66 mm Hg) that we could safely
obtain. In all of our patients, the use of agents that increase
afterload was precluded by the presence of severe, barely
compensated heart failure
. It is possible that curvilinearity of
the end-systolic pressure-volume relation would be observed
at extremes of pressure outside this range . Our finding
indicates that data obtained from only two afterload condi-
tions may be used to generate the end-systolic pressure-
volume relation in such severely ill patients provided that
significant reductions in end-systolic pressure and volume
have been effected . Generation of the relation from more
than two data points would be likely to improve its accuracy
.
Values of the slope and volume intercept . The values for
end-systolic elastance (mean 0.71 mm Hg/ml) in our subjects
are comparable with those derived from the relation between
aortic dicrotic notch pressure and minimal left ventricular
volume (mean 1 .1 mm Hg/ml) for the patients with heart
failure studied by Konstam et al . (14) . As expected,
elastance derived from aortic dicrotic notch pressure and
minimal left ventricular volume (mean 2
.6 mm Hg/ml) (11)
and maximal isochronal elastance (mean 5 .5 mm Hg/ml) (22)
are considerably higher for patients with normal left ventric-
ular function . We found that the dependence of end-systolic
elastance on ejection fraction is described by an exponential
function . An exponential function relating end-systolic
elastance to ejection fraction has also been described by
Mehmel et al . (11) in patients with coronary artery disease
and normal left ventricular ejection fraction
. The differences
between the constants in the relation in our study and that of
Mehmel et al . (11) may be due in part to differences in the
definitions of end-systole, the techniques used for volume
determination and the ranges of elastance and ejection
fraction in the patients studied . Our study nevertheless
extends this exponential relation to ventricles with severely
impaired systolic function .
The physiologic significance of the volume intercept at
zero pressure obtained from linear extrapolation of the
end-systolic pressure-volume relation has yet to he demon-
strated.
Indeed, linearity of the relation beyond (in this case,
below) the physiologic range has not been shown in this or
any other clinical study
. Upward convexity of the end-
systolic pressure-volume relation, as predicted by Mirsky et
al . (15), would lead to underestimation of the volume inter-
cept at zero pressure when this variable is determined by
linear extrapolation . This possibility may explain why pre-
vious studies (4,11) have demonstrated that the volume
intercept at zero pressure obtained by linear extrapolation is
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negative in some patients . All of our patients with severe
heart failure had positive values for the volume intercept at
zero pressure despite the derivation of these values by linear
extrapolation .
Approximations of end-systolic elastance .
The difficulty in
obtaining full ventricular pressure-volume loops under mul-
tiple afterload conditions in patients has led to various
approximations of the true end-systolic pressure-volume
relation, some of which are derived from noninvasive or
semiinvasive measurements . Elastance derived from the
ratio of pressure to volume at aortic valve closure as defined
by the dicrotic notch has been determined invasively (4,22)
and noninvasively (2 ) . The correlation coefficient of this
index with maximal isochronal elastance was only 0.74 in
patients with normal ejection fraction studied by Starling et
al . (22), and with end-systolic elastance, it was only 0 .65 in
the present study of patients with severe systolic dysfunc-
tion
. These poor correlations may result from differences in
timing of aortic valve closure from that of end-systole
defined for maximal isochronal elastance or end-systolic
elastance, from inaccuracies in the determination of the
dicrotic notch pressure or from the limited temporal resolu-
tion (approximately 20 ms) of radionuclide angiography
.
Elastance derived from the ratio of pressure to volume at
aortic valve closure as defined by minimal negative dP/dt
(30) has previously been correlated with maximal isochronal
elastance in patients by both contrast cineangiography (r =
0.6 ) (22) and radionuclide angiography (r = 0. 1) (12). We
found a weak correlation between elastance defined in this
way and "true" end-systolic elastance (r = 0
.63) . Elastance
derived from the ratio of pressure to volume at end-ejection
(that is, at minimal volume) correlated surprisingly well with
maximal isochronal elastance in normal subjects (r = 0 .88)
(22), but not at all with end-systolic elastance in our patients
with severe heart failure (r = -0.15) . Mild to moderate
mitral regurgitation, which is present in many patients with
left ventricular dilation, depresses minimal left ventricular
volume relative to "true" end-systolic volume . Further-
more, minimal volume was observed at disparate points of
the left shoulder of the pressure-volume loops (Fig . 1),
resulting in a wide variation of associated pressures .
Because of relative ease of measurement, estimates of
elastance based on nonsimultaneous measurements of pres-
sure and volume have also been proposed . Elastance de-
rived from the ratio of dicrotic notch pressure to minimal
volume correlated fairly well with maximal isochronal
elastance (r = 0
.83) in the study of Starling et al . (22), but
less well with end-systolic elastance (r = 0 .62) in our
patients
. We found an excellent correlation (r = 0 . 2)
between elastance derived from the ratio of peak left ven-
tricular pressure to minimal volume and end-systolic
elastance ; a similar result has been described (22) for pa-
tients with normal ejection fraction, with central aortic
pressure substituted for left ventricular pressure
. When
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peripheral arterial pressure was substituted for left ventric-
ular pressure in our patients, however, elastance derived
from the ratio of peak pressure to minimal volume correlated
less well (r = 0 .84) with end-systolic elastance .
Preload-recruitable stroke work index . It has been sug-
gested that the relation between stroke work and end-
diastolic volume is linear, and that the slope of this relation,
the preload-recruitable stroke work index, may be a useful
measure of cardiac contractility (23,24) . In individual pa-
tients with severe heart failure in our study, however, the
relation between stroke work and left ventricular end-
diastolic volume was not linear . This discrepancy may be
related to the afterload dependence of stroke work in our
patients ; stroke work was independent of afterload in studies
of the canine ventricle (23,24) . Further investigation is
required to determine whether specific patient characteris-
tics are associated with linearity of the preload-recruitable
stroke work relation .
Limitations of the study. Several potential limitations of
this study need to be considered . First, linearity of the
end-systolic pressure-volume ratio was assessed from only
three or four afterload points in each patient . This limitation
resulted from the time constraints of a study involving left
heart catheterization . Second, reduction in blood pressure
by nitroprusside infusion may result in a reflex increase in
sympathetic tone, associated with a positive inotropic effect
(31) . Evidence for blunting or absence of this effect in heart
failure has been demonstrated in a canine model (32) and
humans (33) . We observed no significant increase in heart
rate or left ventricular maximal positive dP/dt during nitro-
prusside infusion . Small changes in heart rate, however, may
have contributed to errors in the estimation of maximal
isochronal elastance, and may have resulted in the inconsist-
ent degree of linearity of this index in the present study .
Finally, although the end-systolic pressure-volume rela-
tion determined by beat to beat analysis during vena caval
occlusions is linear in conscious dogs, infusion of nitroprus-
side resulted in different values of maximal isochronal
elastance despite autonomic blockade (10) . This discrepancy
was attributed to alterations in vascular impedance and
ventricular-arterial interaction. Radionuclide techniques do
not allow beat to beat determination of ventricular volume
for clinical applications . Although steady state alteration of
loading conditions can be achieved by inflation of a balloon
catheter in the inferior vena cava in patients with heart
failure (34,35), we have found that systemic arterial pressure
is not sufficiently lowered by this technique for reliable
construction of the end-systolic pressure-volume relation
(36) . Therefore, we used nitroprusside infusion for manipu-
lation of afterload .
Conclusions . We have shown that the end-systolic pres-
sure-volume relation is linear in the "physiologic" range in
patients with severe heart failure . It is, therefore, possible to
construct the end-systolic pressure-volume relation for this
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range with data from two afterload conditions . This finding
facilitates the use of this technique for evaluating interven-
tions in patients with severe heart failure, in whom it may be
difficult to obtain multiple determinations of end-systolic
pressure and volume (13) . Approximations of end-systolic
elastance derived from noninvasive or semiinvasive mea-
surements may not correlate well with elastance derived
from full left ventricular pressure pressure-volume loops .
The exponential relation between end-systolic elastance and
ejection fraction is valid in patients with severe left ventric-
ular dysfunction . Finally, there is an inconsistent degree of
linearity of individual stroke work versus left ventricular
end-diastolic volume relations in patients with severe heart
failure .
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